Challenges associated with the efficient and effective preparation of micro-and nano-scale (microand nano-gram) clinical specimens for proteomic applications include the unmitigated sample losses that occur during the processing steps. Herein we describe a simple "single-tube" preparation protocol appropriate for small proteomic samples using the organic co-solvent, trifluoroethanol (TFE) that circumvents the loss of sample by facilitating both protein extraction and protein denaturation without requiring a separate cleanup step. The performance of the TFE-based method was initially evaluated by comparisons to traditional detergent-based methods on relatively large scale sample processing using human breast cancer cells and mouse brain tissue. The results demonstrated that the TFE-based protocol provided comparable results to the traditional detergent-based protocols for larger, conventionally-sized proteomic samples (>100 μg protein content), based on both sample recovery and peptide/protein identifications. The effectiveness of this protocol for micro-and nano-scale sample processing was then evaluated for the extraction of proteins/peptides and shown effective for small mouse brain tissue samples (∼30 μg total protein content) and also for samples of ∼5 000 MCF-7 human breast cancer cells (∼500 ng total protein content), where the detergent-based methods were ineffective due to losses during cleanup and transfer steps.
Introduction
Recent advances in high resolution liquid chromatography (LC) and mass spectrometry (MS) have enabled the analysis of complex peptide mixtures, 1, 2 and the use of sophisticated bioinformatics tools 3-6 has empowered broad and confident protein identifications. Efficient and effective sample preparation methods are essential to achieving good protein/peptide recovery and to producing high quality mass spectra; however, current sample preparation methodologies are often accompanied by significant sample losses and are problematic for processing micro-to nano-scale complex samples. Micro-biopsies, 7-9 laser capture micro-dissection (LCM), 10-12 and stem cell therapy 13, 14 typically provide only small, nonconventional sample sizes, and thus require improved sample processing to minimize sample losses in order to enable quantitative proteomic measurements.
A number of protocols have been commonly used for proteomic sample processing from cells, tissues, or biological fluids. 15, 16 One traditional cell lysis method employs a strong denaturant (urea or guanidine hydrochloride) with different types of detergents, either ionic detergents such as sodium dodecylsulfate (SDS), or zwitterionic detergents such as 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), or non-ionic detergents such as octyl-β-glucopyranoside (OG) 17, 18 , or the proprietary product RapiGest (Waters, Cambridge, MA). The detergent-based methods typically provide rapid cell lysis and protein solubilization; however, it is necessary to deplete or entirely remove the detergents or salts from the sample prior to the LC-MS analysis in order to achieve satisfying detection sensitivity for peptides. Although various peptide sample purification procedures, for example, solid phase extraction (SPE), 19, 20 dialysis 21, 22 and chromatography techniques, 23 have been applied to purify samples prior to LC-MS analysis, a fraction of the sample is inevitably lost during the clean-up process despite careful handling. The detergent-based methods are particularly ineffective when handling sub-microgram or smaller amounts of complex proteomic samples due to the issue of sample loss during clean-up and sample transferring steps.
In order to overcome the limitations associated with detergent-based preparations for microand nano-scale samples, here we report a "single-tube" sample preparation protocol that uses an organic co-solvent, trifluoroethanol (TFE), with hypotonic aqueous buffer for cell lysis and protein denaturation. The use of organic solvents as alternatives to detergents in proteomic sample processing has been previously reported. 24, 25 Organic solvents improve protein solubility and assist protein denaturation, and the application of this method has the distinct advantage over detergent-based protocols because organic solvents readily evaporate during the lyophilization process; thus no cleanup or tube transferring step is required prior to LC-MS analysis, minimizing sample loss. This TFE-based protocol was initially evaluated by comparing to the traditional detergent-based protocols for protein extraction from relatively large scale samples of human breast cancer MCF-7 cells and mouse brain tissues. It was demonstrated that this detergent-free, single-tube protocol provided results comparable to or better than the traditional detergent-based methods when handling relatively large, conventional (> 100 μg) quantities of protein samples based on peptide sample recovery and protein identification results from LCMS/MS analyses. The effectiveness of this TFE-based protocol for micro-and nano-scale sample processing was then demonstrated in processing mouse brain single voxel samples (a concept originated from biomedical imaging, referring to a spatially registered 3-D cube with (0.75 mm) 3 of volume 26, 27 ) containing ∼ 30 μg of proteins and also ∼ 5 000 human MCF-7 cells containing ∼ 500 ng of proteins. While traditional detergent-based protocols were proved ineffective in handling sub-microgram amounts of sample due to sample losses during the cleanup and transfer steps prior to the analysis, the preparation of 5 000 cell MCF-7 samples using the TFE-based protocol was effective, resulting in an average of 246 different peptides and 104 proteins identified from LC-MS/MS analysis, and > 5000 features (i.e., a peak with unique mass and elution time) detected from a single LC-FTICR analysis. The overall increased sensitivity in sample processing using this new protocol may have broad applications for micro-to nano-scale proteomic samples.
Experimental Preparation of MCF-7 cell samples
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated otherwise. The use of the MCF-7 human breast cancer cells was reviewed by the Pacific Northwest National Laboratory IRB for human subjects research in accordance with federal regulations. MCF-7 breast cancer cells were cultured in DMEM containing 5% fetal bovine serum and 10 μg/mL bovine insulin (Gibco, Gaithersburg, MD) until achieving 90% confluence. One million MCF-7 cells were used to evaluate two different lysis conditions: traditional SDS-based protocol and the new TFE-based protocol. For the SDS-based protocol, 1 million MCF-7 cells were resuspended in 60 μL of 10 mM PBS (pH 7.0) with 0.5% SDS (Research Organics Inc., Cleveland, OH) and sonicated in an ice-water bath for 5 min. The lysates were subsequently denatured in 8 M urea and reduced by 5 mM dithiothreitol (DTT) at 37 °C for 1 h. The reduced samples were diluted 8-fold using 50 mM NH 4 HCO 3 (pH 7.8) and digested using sequencing grade trypsin (Promega, Madison, WI) at a 1:50 enzyme to protein ratio overnight at 37 °C. Both digests were purified using a SPE SCX column (Supelco, Bellefonte, PA). Peptides were eluted with 1 mL of 500 mM ammonium formate in 25% acetonitrile, pH 6.8. Following lyophilization, peptides were resuspended in 100 μL 50 mM NH 4 HCO 3 for LC-MS/MS analysis using an LCQ Deca XP ion trap mass spectrometer (ThermoFinnigan, San Jose, CA).
For the TFE-based protocol, trifluoroethanol (TFE) was introduced in place of SDS during cell lysis. One million MCF-7 cells were incubated with 100 μL of 5 mM PBS at room temperature for 2 h with gentle shaking, followed by a 5 min sonication in an ice-water bath. 100 μL of TFE was then added to the sample. The sample was incubated at 60 °C for 1 h, and then sonicated in an ice-water bath for 2 min. 5 mM tributyl phosphine (TBP) was used to reduce proteins and the sample was diluted 5-fold using 50 mM NH 4 HCO 3 to reduce the final TFE concentration to 10% (v/v). The sample was digested by trypsin at an enzyme:protein ratio of 1:50 at 37 °C overnight. Digests were lyophilized and redissolved in 100 μL 50 mM NH 4 HCO 3 for LC-MS/MS analysis using an ion trap (LCQ) mass spectrometer. In both methods, peptide concentrations were determined using the bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). The TFE-based protocol was also used for the lysis and digestion of four MCF-7 samples that each contained approximately 5 000 cells. Peptides were analyzed by both LC-MS/MS using a linear ion trap mass spectrometer LTQ (ThermoElectron Corp) and LC-MS using an 11 tesla FTICR instrument.
Preparation of mouse brain tissue and voxel samples
Brain tissue samples from C57BL6/J male mice were prepared as previously described. 26 To evaluate the performance of the TFE protocol for processing tissue samples, mouse brain tissues were lysed either in CHAPS-containing buffer or in hypotonic buffer with TFE. Six small pieces of brain (4.5-5.0 mg per piece) were sliced from a whole mouse brain using a spatula. Three pieces of brain tissues were lysed using a buffer containing 7 M urea, 2 M thiourea, 40 mM Tris base and 4% CHAPS in 50 mM NH 4 HCO 3 (pH 8.0). Following sonication in an ice-water bath, samples were incubated at 37 °C with shaking for 2 h followed by another sonication for 5 min in an ice-water bath. The tissue lysates were then reduced by incubating in 5 mM TBP at 37 °C for 1 h. Each sample was diluted 8-fold using 50 mM NH 4 HCO 3 and digested by trypsin overnight. Each digest was cleaned using an SPE SCX column and then lyophilized. The other three pieces of brain tissue were lysed in 80 μL of 5 mM PBS with 80 μL TFE with intermittent sonication in an ice-water bath. The lysates were reduced by 5 mM TBP and digested by trypsin overnight. The digests were lyophilized immediately after digestion without further cleanup steps. Peptide samples prepared by both protocols were re-dissolved in 100 μL 50 mM NH 4 HCO 3 and the peptide concentrations were measured using the BCA protein assay. The peptides were then analyzed by LC-MS/MS. In addition, the TFE protocol was also applied in the sample preparation of single voxel samples. After digestion, peptides were analyzed by both LCMS/MS and the 11 tesla LC-FTICR.
Capillary LC-MS/MS and LC-FTICR analysis
Approximately 10 μg of peptides were injected onto a fully automated in-house built capillary HPLC system, which was coupled online with either an LCQ or an LTQ ion trap mass spectrometer, or an 11 Tesla FTICR mass spectrometer using an in-house manufactured ESI interface. The technical details and separation performance of this LC platform have been described previously. 28 In brief, the capillary column was made by slurry packing 3-μm Jupiter C 18 particles (Phenomenex, Torrence, CA) into a 65-cm length of 150 μm i.d. fused silica capillary (Polymicro Technologies Inc., Phoenix, AZ). The separation was performed using an exponential gradient, which started with 100% mobile phase A (0.2% acetic acid and 0.05% TFA in water) and increased the mobile-phase composition to ∼60% B (0.1% TFA in 90% acetonitrile) in the mixing chamber over the duration of 100 min. The LCQ and LTQ ion trap instruments were operated using similar settings. Both instruments were operated in data dependent MS/MS with m/z ranging from 400 to 2000. Dynamic exclusion was used to discriminate against previously analyzed ions. Nano-gram scale peptide samples were also analyzed by LC-MS on the 11 tesla LC-FTICR mass spectrometer.
Data analysis
For MS/MS data, peptides were identified by searching against either human or mouse International Protein Index (IPI) databases (available online at http://www.ebi.ac.uk/IPI), using the SEQUEST algorithm (ThermoElectron, San Jose, CA). The raw SEQUEST results were filtered with the following criteria to obtain highly confident peptide/protein identifications: correlation score (Xcorr) ≥ 1.5 for charge state +1 full tryptic peptides, Xcorr ≥ 3.1 for partial tryptic peptides; Xcorr ≥ 1.9 for charge state +2 full tryptic peptides, Xcorr ≥ 3.8 for partial tryptic peptides; Xcorr ≥ 2.9 for charge state +3 full tryptic peptides, and Xcorr ≥ 4.5 for partial tryptic peptides. All with DelCn ≥ 0.1. The stringent filtering criteria guidelines applied in this study were developed to achieve highly confident peptide identifications with < 5% false positive rate based upon sequence-reversed human protein database searching. 29
For LC-FTICR data, the data analysis was performed using in-house software tools to generate a list of unique features (a feature is equivalent to a peptide that is waiting to be assigned a specific identification from the AMT tag database) with the accurate mass measurement and LC-normalized elution time (NET) for each observed feature. Peptide elution times were normalized into a 0 to 1 scale for more accurate comparison among LC-MS data. The accurately measured masses and NET values for each feature were then matched to the corresponding accurate mass and time (AMT) tag in the AMT tag database to identify peptide sequences. The peptide AMT tag database was initially generated using the highly confident, filtered peptide identifications from LC-MS/MS analyses. The peptide sequence for a given LC-FTICR feature was assigned when the measured mass and NET for each given feature matched the calculated theoretical mass and NET of a peptide in the AMT tag database within a 5 ppm mass error and a 5% NET error. Details about the AMT tag strategy for identifying LC-FTICR features have been described previously 30-32 .
Results and Discussion
In the studies of protein or peptide structure using spectroscopic techniques (e.g. NMR) TFE has often been used to stabilize or disrupt three-dimensional protein structures based on its concentration; 33 however, its application for proteomics has only recently been recognized.
Deshusses and co-workers 34 investigated a phase partition system using 2:1 TFE/chloroform to extract proteins from E. coli membranes. A large number of membrane proteins from the TFE-abundant aqueous phase were detected in one dimensional gel electrophoresis and identified by MALDI-TOF MS. While the principle of the co-solvent effect is still not clear, it was speculated that a high concentration of TFE (40-50% v/v) can reduce the dielectric constant of the solubilization medium and improve the protein extraction efficiency. The preliminary success of employing TFE protein extraction in a proteomics application led us to explore the use of this organic solvent for micro-and nano-scale proteomic sample preparation for LC-MS analysis.
In this study a TFE-based protocol was initially evaluated by comparing to traditional detergent-based protocols for the preparation of relatively large scale (100 μg-400 μg) samples from tissues and cultured cells. The performance of this new protocol was then demonstrated for processing of small mouse brain samples and 5 000 human MCF-7 cell samples.
Comparison of the TFE-based protocol with traditional detergent-based protocols
The TFE-based protocol was first compared to the traditional CHAPS-based protocol for processing ∼5 mg of mouse brain tissue samples, containing ∼350 μg proteins (∼7% w/w). Mouse brain tissues were disrupted and lysed in either a buffer containing a high concentration of denaturants and 4% CHAPS or in an aqueous hypotonic buffer with 50% (v/v) TFE. Figure  1 shows the base peak chromatograms of LC-MS/MS analyses of two brain tissue samples prepared using either the CHAPS protocol (A) or the TFE protocol (B). Even after SCX SPE cleanup, a large detergent peak (elution time: ∼ 50 min) was still observed as shown in the chromatogram (Fig. 1A) . The presence of detergent significantly suppressed signals for peptides that co-eluted with the detergent. In contrast, the chromatogram of the sample prepared by the TFE protocol shows a large number of peptide peaks demonstrating the high resolution of the LC separation. The peptide recoveries and the peptide/protein identifications resulting from both methods are given in Table 1 . The average quantities of recovered peptides from the CHAPS-based and TFE-based protocols were 244 μg and 231 μg, respectively, suggesting comparable sample recovery for these two protocols. In terms of peptide/protein identification results from LC-MS/MS analyses, a total of 491 proteins were identified from 1286 different peptides from the samples prepared using the TFE protocol and 399 proteins were identified based on 1009 different peptides from samples prepared using the CHAPS protocol, showing a modest increase in the number of identifications using the TFE-based protocol. Similar comparisons were performed when brain tissues were prepared by the TFE-based method versus other methods using different detergents, such as RapiGest and OG (data not shown). The results consistently showed that the TFE protocol provided comparable or slightly better results compared to traditional detergent-based protocols for brain tissue sample processing.
Next, we compared the performances of the TFE-based protocol and traditional detergentbased protocol for processing one million cultured MCF-7 cells, with a protein content of ∼150 μg. Three replicate LC-MS/MS analyses were performed for each sample. Comparable results from these two protocols were again observed in terms of both the amounts of peptides recovered and the number of peptides/proteins identified using LC-MS/MS, as shown in Table  2 . When peptide/protein identifications from the triplicate experiments for each protocol were combined, the protocol using SDS resulted in 332 proteins identified based upon 694 different peptides, while the new TFE-based method resulted in 378 proteins identified based on 755 different peptides. A total of 228 proteins (∼65% overlap) were in common to both sets of samples, an observation that likely reflects both somewhat different selectivity and the "undersampling" inherent in this LC-MS/MS approach. In summary, the comparison results demonstrated that the new TFE-based protocol provided comparable or slightly better efficiency than the traditional detergent-based protocols for the processing of relatively large sample sizes of brain tissues and cultured cells.
Micro-and nano-scale sample processing using the TFE-based protocol
Having demonstrated that the TFE protocol performed as effectively as the traditional detergent-based protocols for processing relatively large amount of cells or tissues, we further explored its application in preparing micro-scale mouse brain voxel samples and nano-scale cultured cell samples (aliquots of 5 000 MCF-7 cells). When handling smaller samples, the TFE-based method becomes advantageous since the sample remains in the same tube during the entire process and is ready for LC-MS analyses without the necessity of any transfer or cleanup steps, and thereby minimizing sample losses.
Mouse brain voxelation has enabled the 3-D mapping of gene expression 35 , and we are presently exploring similar 3-D profiling of protein abundances based upon the high throughput quantitative proteomic analyses of large sets of the small tissue "voxels". Each "voxel" is a spatially registered volume element, in the present case having a volume of ∼ (0.75 mm) 3 per mouse brain voxel. Approximately 600 voxels can be generated from a whole adult mouse brain using high resolution voxelation. 35 The sample preparation for such a large number of micro-scale samples presents a two-fold challenge: (1) repetitive manual manipulation of such samples will likely introduce significant variation in sample quality; (2) highly sensitive quantitative proteomic measurements require the minimization of sample loss. We plan to address these challenges using an automated process for sample preparation using the TFEbased lysis/extraction method. Table 3 shows the peptide recovery and LC-MS/MS analysis results for four single voxel samples prepared by the TFE-based protocol. As shown, ∼ 2000 different peptides and 600-800 proteins were identified from the small voxel samples, providing good proteome coverage. The average amount of peptide recovered from single voxels after digestion was ∼20 μg, although deviations were observed from the amounts recovered from different voxel samples due to the inhomogeneous dimension of individual voxels. These results demonstrate the effectiveness of the TFE-based protocol for handling very small proteome samples. Compared to the detergent-based methods, the TFE-based protocol provides not only better sample recovery, but also better reproducibility, because the extra clean-up steps in detergent-based methods introduce additional variabilities during sample processing and added technical difficulties for automation. Initial success for automated sample processing with multiple single voxel samples applying the TFE-based protocol in a 96-well platform has been achieved (data not shown).
Additionally, the utility of the TFE-based protocol was demonstrated for processing submicrogram size of complex proteome samples. Five samples of 5 000 MCF-7 cells, each containing ∼500 ng of total protein were prepared using this protocol, a case where traditional detergent-based methods consistently failed to allow effective subsequent analysis. Following the TFE preparation steps, four samples were analyzed by LC-MS/MS analysis on the LTQ ion trap MS while one was analyzed by LC-FTICR, which was expected to offer higher sensitivity. Figure 2A shows the base peak chromatogram obtained from one LC-MS/MS analysis. Although the overall peak intensities were relatively low due to the low peptide concentration, a number of peptide peaks were detected. Table 4 gives the number of peptide/ protein identification results obtained from the four LC-MS/MS runs. Due to the limitations of both sample amount and instrument sensitivity, only 83-133 proteins were identified from different samples with 40 proteins in common; however, these results clearly demonstrate that the TFE-based protocol is efficient for processing sub-microgram scale samples. Figure 2B shows the 2-D display of LC-FTICR identified features from the 5 000 cell sample. Peptides were displayed based on their monoisotopic masses and LC-normalized elution times (NET).
From the LCFTICR analysis, >5000 unique features (putative peptides) were detected. By matching against a limited-sized AMT tag database for MCF-7 cells, which contains ∼ 3000 peptide identifications generated from LC-MS/MS analysis of non-fractionated MCF-7 whole cell lysates, 525 different peptides corresponding to 224 proteins were identified using the AMT tag approach. 30, 31 These results further demonstrated the capability of this TFE-based protocol for micro-and nano-scale proteomic sample preparation and the overall sensitivity in sample preparation, where conventional detergent-based methods have significant limitations.
Conclusion
The growing interest in the proteomic profiling of biological samples with small quantities of proteins requires the development of more effective sample preparation methods capable of minimizing sample loss and amenable for automation. Traditional sample preparation methods typically employ various detergents with a high concentration of denaturing solution to disrupt cells and denature proteins. The presence of detergent and salt creates significant interference with subsequent LC-MS analysis and extra cleanup steps have to be taken prior to LC-MS analysis, often leading to significant sample losses. In this study, we developed and evaluated an alternative sample preparation method using TFE that improves protein solubilization, facilitates protein denaturation, and can be readily removed following tryptic digestion without an extra clean-up step. The utility of this protocol in micro-and nano-scale sample processing was demonstrated in the effective preparation of micro-gram scale single mouse brain voxel samples and sub-microgram size 5 000 MCF-7 human breast cancer cell samples, where traditional detergent-based methods generally failed due to significant sample losses. The protocol can also be easily coupled to stable isotope labeling approach such as 16 O/ 18 O peptide labeling for quantitative studies of small biological samples. 36 The simple TFE-based protocol is expected to have broad applications for the processing of a diversity of micro-and nano-scale biological samples. a Peptides were resuspended in 100 μL of 50 mM NH 4 HCO 3 and their concentrations were measured using BCA protein assay.
b All peptides identified passed the filtering criteria described in the experimental section.
c Total number of different peptides and proteins combined from three datasets obtained from the same protocol. d The number of peptides and proteins observed in samples prepared using both protocols. Table 3 The quantities of recovered peptides a and peptide/protein identifications b from four single mouse brain voxels prepared by the TFE-based protocol and analyzed using LC-MS/MS with a linear ion trap mass spectrometer (LTQ). a Peptides were resuspended in 50 μL of 50 mM NH 4 HCO 3 and their concentrations were measured using BCA protein assay.
Recovered Peptide (μg) Different peptides Proteins
b All peptides identified passed the filtering criteria discussed in detail in the experimental section. Table 4 Number of peptide and protein identifications a from four MCF-7 samples, each containing ∼ 5 000 cells, prepared by the TFE-based protocol and analyzed using LC-MS/MS with a linear ion trap mass spectrometer (LTQ). #1  305  113  #2  211  85  #3  290  133  #4  179  83 Overlap 82 40
Different peptides Proteins
a All peptides identified passed the filtering criteria discussed in detail in the experimental section.
